A quantitative gis and ahp based analysis for geodiversity assessment and mapping by Ferrando, A. et al.
sustainability
Article
A Quantitative GIS and AHP Based Analysis for Geodiversity
Assessment and Mapping
Andrea Ferrando 1, Francesco Faccini 1,2 , Guido Paliaga 2,* and Paola Coratza 3


Citation: Ferrando, A.; Faccini, F.;
Paliaga, G.; Coratza, P. A Quantitative
GIS and AHP Based Analysis for
Geodiversity Assessment and
Mapping. Sustainability 2021, 13,
10376. https://doi.org/10.3390/
su131810376
Academic Editors: Mario Bentivenga,
Giuseppe Palladino, Eva Pescatore
and Fabrizio Terenzio Gizzi
Received: 25 August 2021
Accepted: 14 September 2021
Published: 17 September 2021
Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-
iations.
Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/
4.0/).
1 Department of Earth, Environment and Life Sciences, University of Genoa, Europa 26, 16132 Genoa, Italy;
S4251105@studenti.unige.it (A.F.); faccini@unige.it (F.F.)
2 Institute of Hydrogeological Research and Conservation (CNR-IRPI), National Research Council,
Rue Du Hunte 73, 10135 Turin, Italy
3 Department of Chemistry and Geological Sciences, University of Modena and Reggio Emilia,
Via Campi 103, 41125 Modena, Italy; paola.coratza@unimore.it
* Correspondence: guido.paliaga@irpi.cnr.it
Abstract: In recent times, the issues of geodiversity assessment and mapping have been subject of
great attention, and many evaluation methodologies, either quantitative or qualitative, have been
developed. In this research, a first assessment of geodiversity in the Liguria region has been carried
out, according to a quantitative method based on spatial analysis techniques implemented in a GIS
environment. This method considers four diversity indices obtained by grid analysis, relevant to
the four main aspects of geodiversity: geology, geomorphology, hydrogeology and pedology. The
geodiversity index was calculated two times, first with a non-weighted sum, then with a weighted
sum of the four diversity indices. In the second case, the weights have been assigned according to
a semi-quantitative analytical hierarchy process method (AHP) based on experts’ judgment. The
results show that the Liguria region is characterized by many areas with high geodiversity, most
of them internationally known by geoscientists and tourists for their valuable geoheritage and for
their stunning landscapes. The correspondence between these areas and the protected areas of the
european Natura 2000 network suggests a link between geodiversity and biodiversity.
Keywords: geodiversity; quantitative assessment; AHP; mapping; Liguria
1. Introduction
The word “geodiversity” was coined in the 1990s (e.g., [1,2]) and has been rapidly
accepted by geoscientists, even if this term has frequently been used rather loosely. There
are several definitions to geodiversity (e.g., [2–9]), but the most widely used is “the natural
range (diversity) of geological (rocks, minerals, fossils), geomorphological (landforms,
processes) and soil features. It includes their assemblages, relationships, properties, inter-
pretation and systems” [10].
Despite a widespread use of the geodiversity concept in the scientific literature, only
during the last decades have geoscientists addressed the issues of its assessment and
mapping (see [11] and references therein). Geodiversity assessment methods must face
the same challenges and key issues as those relevant for geosites assessment, namely:
subjectivity, scale, scope and methodology.
Numerous assessment methods have been developed through the years for the as-
sessment of geodiversity, starting from the 2000s. Referring to the data source, direct and
indirect methods can be distinguished [12]. In the direct methods, the diversity assessment
is based primarily on field work. Indirect methods are based on calculations on numeri-
cal cartography, generally within a GIS environment; they are by far the most common,
because the data acquisition is easier and considerably less expensive.
Considering the assessment procedures, one can distinguish qualitative and quantita-
tive assessment methods. Qualitative methods (e.g., [8,13–19]) are based on the knowledge
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and sensibility of an expert or a group of experts, and because of this are characterized by
a high degree of subjectivity. Quantitative methods (e.g., [20–29]) calculate geodiversity
by means of simple algorithms; the repeatability of the results and the relatively high
objectivity make these methods highly preferred [30]. Even quantitative methods have
their limitations: the choice of criteria and parameters is still subjective, and the quality or
absence of the input data affects the entire calculation [11]. Some authors propose hybrid
qualitative–quantitative methods (e.g., [31,32]), that rely on the qualitative assessment on
some of the chosen criteria, or on the qualitative weighting of the parameters involved in
the quantitative calculation.
Geodiversity assessment and mapping have been mainly implemented for regional
scale studies and can play a crucial role in different contexts: geoparks and geoheritage
characterization [33,34], hazard evaluation and prevention [35,36], nature conservation and
management in a holistic way [25,28,37] and territorial management planning [21,38,39].
Particular importance is addressed by land use planning as it implies both the conservation
and valorization issues, preserving the eventual destruction or obliteration of geoheritage.
In this context, the main aim of this research is to present a quantitative GIS-based
method of geodiversity assessment. This methodology is based on the concept of “diversity
indices”, first proposed by [24]. Diversity indices express the variety of a given parameter
in a certain area, usually a cell of a regular grid in an objective way, thus overwhelming the
weakness of subjectivity. In this paper, four diversity indices were considered: geological,
geomorphological, hydrogeological and soil–landscape diversity. Their combination gives
the synthetic geodiversity index (GI).
The calculation has been performed by assigning different weights to the four indexes,
applying the semi-quantitative analytic hierarchy process (AHP) method. AHP was de-
veloped in the ‘70s by Saaty [40,41] as a multicriteria decision support method, aimed at
gaining a global assessment by comparing several heterogeneous factors, and is largely
used in earth sciences.
The method was tested in the Liguria Region, which is famous for the scenery and
variety of the physical landscape as well as for the contrast between the coastal environment
and the close mountainous one. The methodology could be a useful tool for nature
conservation and management in the framework of territorial management planning.
2. Landscapes and Landforms of Liguria
Liguria is a coastal region of 5400 km2 located in northwestern Italy with about
1.5 million inhabitants (Figure 1). To the south it is bordered by the Ligurian Sea, to
the west by Provence-Alpes-Côte d’Azur (France), to the north by Piedmont and Emilia
Romagna and to the southeast by Tuscany. It is part of the Alps–Mediterranean Euroregion.
The region is included between the Ligurian Alps and Ligurian Apennines, which
form a continuous mountainous chain developed according to two axes: SW/NE and
NW/SE, meeting a few kilometers west of Genoa city. The ridge of the Ligurian Alps and
Apennines separates the maritime river basins, flowing in the Ligurian Sea in the south,
from the ones contributing to the Po river in the north.
Liguria belongs to the Italian Ligurian and Tyrrenian climatic region; with reference
to Koppen’s classification [42] the coastal strip presents a hot temperate climate (Csa), the
southern slopes of the Alpine and Apennine chain show a sub-coastal temperate climate
(Cs), while the Po valley slopes show a sub-continental temperate climate (Cf). The areas
with an altitude above 1000 m present a cool temperate climate (Cf).
The geological structure of Liguria is complex, not only for the presence of the Alpine
and Apennine chains, but also for the variety of rock masses, the tectonic history and the
neotectonic imprint that characterizes most of the Ligurian landscape, both coastal and
hill mountainous.
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The geological structure of Liguria is complex: the presence of the Alpine and Apen-
nine chains, the variety of rock masses, the tectonic history and the neotectonic imprint
characterize most of the Ligurian landscape that develops between the mountains and
the sea.
From the tectonic point of view, three main units can be distinguished, referring to
three paleogeographic domains: Paleo-European (roughly the western sector), Piedmont–
Ligurian Ocean (central and eastern part) and Adria (extreme eastern sector). The frame-
ork of lithotypes is quite varied and includes sedimentary, metamorphic, magmatic and
upper mantle rock masses, as well as various types of Plio-Quaternary covers [43].
The marly-limestone flysch characterizes a good part of the region, either in the
western part (between Sanremo a d Imperia, including the inner part up to Piedmont) or
in the c ntral easte n part (between Geno and Chiavari, including the inner part up to
the border with the provinces of Alessandria, Piacenza and Parma). Sa dy and silty flysch
utcro s in th coast and in the inland between Ventimiglia and Bordighera, in the east
co st betw en Sestri Levante and La Spezia, and in the Bormida valleys [43].
Calcareous and dolomitic rocks are found on the French border, in the western sector
of the province of Savona, along the Sestri Ponente–Voltaggio line, in the Graveglia and
Vara Valleys, along the Promontory of La Spezia and Montemarcello-Magra. The limestone
plate of Finale Ligure deserves a particular mention, characterized by bioclastic limestone
rich in fossils [44].
Ophiolitic rocks, including peridotites, serpentinites, gabbros, basalts, breccias and
ophicalcites characterize both the central part of the region, between Sestri Ponente and
Varazze, and the central eastern part, between Levanto and M. Maggiorasca. Calceschists
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and micascists discontinuously characterize the region between Genoa and the province of
Savona. Orthogneiss and amphibolites characterize the coastal stretch and the immediate
interland between Albisola and Savona, while cherts outcrop discontinuously associated
with ophiolites between Monte Zatta and Levanto. Quartzites can be considered the
metamorphic equivalent and are found associated with metaophiolites and calceschists in
the Beigua massif or associated with dolomites in the west of Savona [43].
Conglomerates characterize the landscape of the Portofino Promontory, the upper
Scrivia Valley and Celle Ligure coastal area. Finally, stiff fissured clays and shales are
discontinuously observed along the coastal strip between Genoa and Ventimiglia, along
the western promontory of La Spezia and in the upper Val Bormida on the border with
Piedmont [43].
As mentioned above, neotectonic modeling influences the Ligurian landscape at
all scales [45]: the coastline and the hydrographic network are set on Plio-Quaternary
distensive lineations. Many anomalies of the hydrographic network suggest recent river
captures and repeated shifts of the watershed, including the main one: the Tyrrhenian
hydrographic network presents short water courses and high gradient slopes, while the Po
Valley hydrographic network one shows a gentler profile and frequent embedded meander
patterns. Moreover, the base level drop related to the neotectonic activity is responsible for
the reactivation of the intense erosional processes [46].
Then, in addition to endogenous landforms due to the geological and tectonic struc-
ture, the landscape shows landforms due to gravity, fluvial and running waters, karst
phenomena, coastal, periglacial and anthropic processes (Figure 2). Some gravity processes,
due to their size and closeness to the urban area, have a strong influence on the landscape
and represent a possible source of hazard; it is the case of the large relict landslide dam
that is located close to the Genoa city [47].
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province); (d) conglomerate cliffs (Promontorio di Portofino, Genoa metropolitan city); (e) natural mountain lake with
periglacial morphologies (Lago delle Lame, Genoa metropolitan city); and (f) urban landscape (Genoa).
Most of the historical settlements on the Ligurian inland insist on large scale relict
landslides, often reactivated with slow kinematics [48]: the choice of settlement must be
considered related to the low acclivity of the landslide body, the presence of workable soil
for agricultural purposes and the presence of groundwater. The intense and short rainfall
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events often trigger shallow landslides and mud-debris flows, which, despite their small
dimension, may have a highly damaging result.
The Ligurian Tyrrhenian floodplains are small and almost entirely urbanized, with
the exception of the interregional Magra floodplain, the Centa floodplain in Albenga and
the Entella floodplain in Chiavari-Lavagna. The floodplains sealing results in a high flood
risk and flash flood [49–51].
Consequently, the rocky Ligurian coast is characterized by a high rocky cliff, active
and receding, with frequent pebbly pocket beaches [52]. The mentioned fluvial–coastal
plains are mainly gravelly-sandy.
With 6% of the territory characterized by limestone and dolomite, Liguria has widespread
karst phenomena, both shallow and hypogean [53]; about 1500 caves are registered in the
land cadastre [54].
Finally, it is worth mentioning the anthropic impact on the landscape and landforms,
practically extended over the entire surface: among the various man-made landforms, the
most widespread, ancient and certainly significant in terms of landscape is represented by
terracing with dry stone walls, now largely abandoned [55].
In consideration of the extraordinary ecological and environmental variety, a system
of parks and protected areas have been established covering almost 12% of the territory,
for a surface of 60,000 ha. The parks are often connected by a network of trails: the most
important of these itineraries is the “Alta Via dei Monti Liguri”, which crosses the region
for 400 km, almost entirely following the Ligurian–Padanian watershed.
The Ligurian parks have one of the most significant, often exclusive, aspects of the
territory in the Earth sciences. Beigua Global Geopark presents ophiolites with Alpine
metamorphic imprint representing a fragment of a Jurassic ocean basin [56]; Aveto Park
includes ophiolites with low metamorphic degree and sedimentary covers, with impor-
tant mining complexes converted into Mining Museums [57,58]; Antola Park presents
Helmintoid flysch and characteristic conglomeratic massifs [43]; Portofino Park also shows
Helmintoid flysch and high cliffs shaped in the conglomerates [59]; Portovenere Park is
characterized by calcareous and dolomitic rocks, interested by historical mining activi-
ties [60]; the Park of Monte-Marcello-Magra-Vara presents interesting karst areas shaped in
the limestone massifs [53]; the Park of the Ligurian Alps concerns the Helmintoid flysch
of western Liguria and the limestones of the Paleo-European Domain [50]; the Park of
Piana Crixia owes its institution to the characteristic ‘rock mushroom’ formed by selective
erosion of conglomerates; the protected area of Bric Tana is affected by karst phenomena
in conglomerates and sandstones [48]; the National Park of the Cinque Terre presents
arenaceous and argillite flysch and above all the stunning landscape made by terraced and
dry-stone walls [61].
3. Materials and Methods
Geodiversity assessment remains an open issue, since the very concept of geodiversity
has been introduced in recent times and still lacks a definite agreement on its meaning.
Over the last few years, numerous geodiversity assessment methods have been proposed,
which can be grouped into various sets depending on the data source and the procedure
(see [11] and references therein).
Quantitative methods are by far the most common because they allow for a result
through relatively simple algorithms; among them, the most popular methodologies are
based on the calculation of the geodiversity index, originally proposed by Serrano and
Ruiz-Flaňo [9] as:
GI = Eg * R/lnS (1)
where: GI = geodiversity index; Eg = number of different physical elements in a unit of
surface; R = roughness coefficient; lnS = natural logarithm of the surface unit. The original
formula was then modified in subsequent works by various authors (e.g., [25,31,38,39]), in
order to adapt it to different morphological and geological situations.
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The methodology used in this research for the geodiversity index assessment is based
on the quantitative method first proposed by Pereira et al. [24] and then implemented and
modified by various authors (e.g., [62–65]). This methodology consists in the calculation
of several thematic diversity indices: each index is computed by overlaying a grid on
a thematic geologic map and calculating the diversity of the parameter represented in
the map for every cell. The final geodiversity index (GI) is the sum of the considered
diversity indices.
The method is user-friendly and automated in order to be applicable within different
geological and geomorphological contexts, to reduce subjectivity and to be suitable for
comparative studies.
In the present study, four diversity indices were considered, corresponding to the
main components of geodiversity: geology, geomorphology, hydrogeology and pedology.
The calculation steps were carried out in a GIS environment, using the free softwares
QGIS, GRASS and SAGA GIS. Taking into account several parameters whose details are
provided in Section 3.1, four main raster maps were produced, storing the geological,
geomorphological, hydrogeological and pedological information.
To calculate the diversity index, each thematic raster map was overlaid by a grid. For
each grid cell, the diversity of the parameter was computed with the “variety” function of
the “zonal statistics” processing tool in QGIS.
A grid size of 500 × 500 m was determined by a trial-and-error procedure, which
considered the resolution of the input data. The input map with the lowest scale (i.e., the
soil landscape unit map, for which see below) represents a sort of threshold: using smaller
cells the “variety” function could not work properly and would give inconsistent results.
On the contrary, considering the small extension of the study area (5400 km2), a bigger grid
size doesn’t represent an acceptable detail.
The results of the “variety” function were reclassified on a 1-to-5 scale to make them
comparable and let them assume the same weight on the final sum. In this scale, 1 = very
low diversity, 2 = low diversity, 3 = average diversity, 4 = high diversity and 5 = very high
diversity. The 1-to-5 scale was chosen because it is an effective way to group areas with
comparable characteristics in terms of diversity. Less classes result in a coarse index that
doesn’t properly highlight the spatial variability. More classes cause the opposite problem.
The 1-to-5 scale is commonly used in geodiversity calculations (see [11] and references
therein).
The reclassification was carried out by means of Jenks’ natural breaks classification
method [66], which disposes the best arrangement of values into different classes. Jenks’
algorithm classifies the data according to their distribution, minimizing the variance within
classes and maximizing the variance between classes.
The final result of these methodological steps are the four diversity indices, each one
varying from 1 to 5. The geodiversity index is then obtained with the equation:
GI = Geoi + Morphi + Hydroi + SLUi (2)
where Geoi is the geological index, Morphi is the geomorphological index, Hydroi is the
hydrogeological index and SLUi is the soil–landscape units index. In the present work,
even a modified version of Equation (2) has been calculated assigning weights to the four
indices. The weights were assigned on the basis of an analytic hierarchy process (AHP)
method for which the details are provided in Section 3.2.
The result of Equation (2) was then reclassified in 5 classes, again using Jenks’ natural
breaks algorithm. The final geodiversity index varies from 1 (very low geodiversity) to 5
(very high geodiversity).
A sketch of the methodological procedure is shown in Figure 3.
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Figure 3. Flow chart showing the methodological steps for the geodiversity assessment.
3.1. Input Data for the Calculation of the Diversity Indices
1. Geological Index (Geoi). The geological index was computed from the Lithological
Map of Liguria (scale 1:50,000), freely available on the regional authority Geoportal [67]. A
reclassification was performed to identify 11 simplified lithological complexes: (1) debris
cover; (2) neogene deposits; (3) marly-limestone flysch and chaotic sedimentary complexes;
(4) massive intrusive and metamorphic rocks; (5) marls and p lites; (6) foliated metam r-
phic rocks; (7) basic ophiolites and metaophiolites; (8) ultrabasic rocks; (9) sandstones
and conglomerates; (10) mainly calcareous, dolomitic or chalky rocks; and (11) siliceous
rocks. The reclassified vector map was transformed into a raster map to calculate the
diversity index.
2. Hydrogeological Index (Hydroi): St rting from the regional lithological map,
a reclassificati was performed to obtain five simplified hydrogeological complexes,
according to the permeability type: (1) karst rocks; (2) porous rocks and deposits; (3)
fractured rocks with low permeability; (4) fractured rocks with average permeability; and
(5) fractured rocks with high permeability.
3. Geomorphologic Index (Morphi). The geomorphologic diversity index was com-
puted combining fiv morphometric parameters: (1) drainage density; (2) r ughness
coefficient; (3) slope position index; (4) landform category index; (5) relief energy.
The drainage density was calculated per unit area, overlaying a grid of 100 × 100 m
on the regional hydrographic network in vector format (scale 1:10,000); [68]. The algorithm
calculated the length of the river streams present in each cell, then divided it by the areal
extensi n of the cell.
The roughness coefficient is an index designed to quantify the topographical het-
erogeneity (cell size: 5 × 5 m; vertical resolution: 1 m; [69]). It is calculated through an
algorithm, which calculates the sum of the differences between that cell and the eight
adjacent cells for each cell of the regional DTM [70].
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The slope position index derives from the reclassification of another morphometric
parameter, called topographic position index [71]. The TPI is calculated from the DTM,
through the difference between the elevation value of a cell and the average elevation of
a given surrounding area, the dimensions of which are chosen by the operator based on
the scale and purpose of the work. Positive values correspond with topographic highs,
negative values correspond with valleys and depressions, values close to 0 correspond
with flat areas. The obtained TPI values are then reclassified, achieving an SPI variable
ranging from 1 to 6.
The landform category index was obtained by applying the GRASS GIS r. geomorphon
routine. This routine identifies ten landforms by analyzing the DTM: (1) flats; (2) summits;
(3) ridges; (4) shoulders; (5) spurs; (6) slopes; (7) hollows; (8) footslopes; (9) valleys; and
(10) depressions.
The relief energy was calculated from the DTM, with the “range” function of the zonal
statistics processing tool in QGIS.
4. Soil–Landscape Units Index (SLUi): This index combines pedological and land
use information, both of paramount importance in the evaluation of geodiversity. The
pedological information was taken from the Soil Map of Italy, scale 1:1,000,000 [72]. The
land use information was taken from the CORINE Land Cover Map (scale 1:100,000; link) in
vector format. The two maps were combined to obtain a vector map of the soil–landscape
units, which was subsequently rasterized for computing the related diversity index.
3.2. Analytic Hierarchy Process (AHP)
In order to assign weights to the geodiversity index criteria, the analytic hierarchy
processes (AHP) have been applied [39,40]. AHP is a semi-quantitative decision-making
technique developed to compute rank and weight among several criteria and widely
applied in many fields of the Earth sciences, from geodiversity to landslides susceptibility
mapping and groundwater recharge [29,73–75]. The methodology compounds subjective
judgments in a quantitative way by assembling a pair-wise comparison matrix of the
criteria, using the scale of preference in Table 1 and then assigning the relative weights
through the normalized principal eigenvector calculation. Errors are estimated through
the calculation of the consistency ration (CR) as defined by Saaty [76], while the consensus
indicator S* [77,78] gives an estimation of the agreement between all the experts’ judgments.
Using percentage values, both CR and S* ranges from 0 to 100%: CR values lower than 10%
indicate a consistent matrix and then an acceptable result, S* values between 80% and 100%
correspond to an excellent agreement among the experts’ judgments.
Table 1. Scale of preference between two criteria used in the pairwise comparison in AHP.
Scale Degree of Preference Description
1 Equally Two factors contribute equally to the objective
3 Moderately Experience and judgment slightly to moderatelyfavour one factor over another
5 Strongly Experience and judgment strongly or essentiallyfavour one factor over another
7 Very strongly A factor is strongly favoured over another andits dominance is showed in practice
9 Extremely
The evidence of favouring one factor over
another is of the highest degree possible of an
affirmation
2, 4, 6, 8 Intermediate Used to represent compromises between thepreferences in weights 1, 3, 5, 7 and 9
Reciprocals Opposite Used for inverse comparison
The four geodiversity index criteria have been submitted to a panel of twelve experts
grounded in geology, geomorphology and pedology. The experts expressed their judgments
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through the pairwise comparison. AHP calculation has been performed using an AHP
template [79], running under Excel 2013 version.
According to the weighting procedure, Equation (2) is modified as follows, where wG,
wM, wH and wS denote the respective weights:
GI = wG * Geoi + wM * Morphi + wH * Hydroi + wG * SLUi (3)
3.3. Cohen’s k Comparison
Stressing the importance of weighting the geodiversity index criteria, the weights
calculation through AHP methodology has been compared with the result that is obtained
without weighting. The map comparison has been carried out by applying Cohen’s kappa
calculation [80,81], using the map comparison toolkit software version 3.2.3 [82]. The
quantitative comparison allows for an overall score of concordance between the maps,
values for every class and the spatial distribution of concordance. Cohen’s kappa scores
range from 0 to 1.
4. Results
The four diversity indices maps are represented in Figure 4.
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The prevailing class in the Geological Index (Figure 4a) map is the n. 2, taking up
37.9% of the regional area. Class 1 represents 27.4% of the region, class 3 represents
24.0%, class 4 represents 7.6% and class 5 represents 3.0%. The most diverse areas are: the
central-eastern Ligurian Apennines, especially in the ophiolitic areas and by the outcrops
of the Tuscan Nappe; the Sestri-Voltaggio Zone where, in a small area, ophiolites, oceanic
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metasedimentary rocks, dolomites and limestones can be found. Low values appear in the
two main floodplains (Magra and Albenga rivers), and in areas characterized by marly
limestone flysch sequences, such as the central part of the region, from Genoa to Chiavari,
and the western Ligurian Alps nearby Imperia.
The hydrogeological index (Figure 4b) prevailing class is the n. 2 (47.3%), followed by
class 1 (30.5%), class 3 (18.4%), class 4 (3.3%) and class 1 (0.6%). As for the geological index,
the areas that show the highest hydrogeological diversity are in the central and eastern
Ligurian Apennines and by the Sestri–Voltaggio zone, which is characterized by different
rock masses classified in different hydrological complexes.
The geomorphological index (Figure 4c) is the combination of the varieties of five
morphometric parameters: drainage density, roughness, slope position index, landform
category index and relief energy. Class 1 takes up 29.4% of the regional territory, class 2
takes up 30.3%, class 3 represents 24.4%, class 4 represents 12% and class 5 represents 3.9%
of the regional land. The highest geomorphodiversity is recorded in the western Ligurian
Alps and in the Genoa interland; in general, the geomorphological index assumes high
values in the more rugged parts of the regional area. Low geomorphodiversity scores are
recorded in the coastal floodplains, on the northern side of the eastern Ligurian Alps, in
the northern part of Bormida Valley near the Liguria-Piedmont border and in the Albenga
and Imperia interland.
The soil–landscape units index (Figure 4d) takes into account and combines pedologi-
cal and land use information. Class 2 is the prevailing class, covering 41.4% of the region;
class 1 covers 30.7%, class 3 covers 18.8%, class 4 covers 6.3% and class 5 covers 2.8% of
the Ligurian territory. In general terms, average to high diversity values are distributed
mainly in the coastal areas and along some of the main valleys on the maritime side of the
Alps-Apennines mountain chain. The inland, especially in the Savona Province, assumes
very low diversity values, due to pedological and land use uniformity.
To calculate the final geodiversity index (GI), weights have been assigned to each
diversity index using the AHP method. The four diversity indices have been rated against
each other with a value ranging from 1 to 9 and expressing the relative dominance of one
index over another. The results of the AHP method show that the most relevant factor in
determining geodiversity is lithology, with a calculated weight of 47.7%; geomorphology
has a calculated weight of 35.5%; much lower weights resulted for hydrogeology (9.0%) and
soil–landscape units (7.8%). The AHP results are consistent, as indicated by a consistency
ratio (CR) of 0.3%. The consensus indicator value of 83.3% shows a good consensus between
the researchers that participated in the process.
The AHP methodology has been applied following twelve experts’ judgments: results
are shown in Table 2. The good reliability of the computed weights is emphasized by the
computed CR = 0.3% and S* = 83% values: the first is well below the 10% limit, while the
latter underlines an excellent agreement between judgments, which is a good overlap of
the different experts’ findings.
Table 2. The results of the AHP evaluation.




Land Use 7.8 0.6
The GI was then calculated without assigning weights to the four diversity indices
(Figure 5b). In this case, while the most geodiverse areas remain more or less the same, the
results in terms of spatial distribution of the five classes are slightly different: class 1 covers
18% of the Liguria region, class 2 covers 33.2%, class 3 covers 28.2%, class 4 covers 17.5%
and class 5 covers 3.1%.
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The Cohen’ kappa calculation between the AHP weighted and non-weighted maps
gives a value k = 0.625, indicating a fair concordance between the two maps. In Table 3,
the geodiversity index class values are shown. The results show a total concordance for
the very low class, for which k = 1, and a good concordance for the low and the very
high classes.
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Table 3. Kappa per geodiversity index class map comparison between the AHP weighted and the
non-weighted one.
Class Very High High Average Low Very Low
Kappa 0.784 0.447 0.435 0.807 1
5. Discussion
In Figure 5, the main GI map, obtained by the weighted sum of the four diversity
indices, is compared to another GI map calculated with the non-weighted sum. A quali-
tative comparison displays that areas characterized by the highest geodiversity score are
largely the same, with minor differences in the spatial distribution of the five GI classes.
The similarity between the two GI maps indicates that, because of their generally low
values, the hydrogeological diversity and the soil–landscape unit diversity don’t have
a great incidence on the GI. Further, in the non-weighted GI map, geological and geo-
morphological diversity seem to be responsible for the major contribution to the final
geodiversity score. This is consistent with the results of the AHP method, which assigned
greater weights to the geological and geomorphological indices, and much lower weights
to the hydrogeological and soil–landscape unit indices. Furthermore, the AHP weighted
geodiversity map allows to mitigate the limitation of using the available low resolution
pedological factor data by reducing the soil–landscape unit weight.
Then, areas assuming the highest GI values are characterized mainly by high geolog-
ical or geomorphological diversity. Among them the Sestri–Voltaggio Zone, the Cinque
Terre-La Spezia area, the Aveto and Graveglia valleys and the western Savona province are
characterized by a striking variety of lithologies. The southern side of the Beigua massif
and the western Ligurian Alps near the French border are instead characterized mainly by
high geomorphodiversity. Most of these areas are in fact well known for their significant
geoheritage [57,59,60,83–85] and for their landscape and scenic value. Some of them are
included within regional natural parks, where geology is one of the most notable reasons
of interest.
The lowest GI values are recorded in the main alluvial plains along the Ligurian coast;
the Albenga plain in the west and the Magra River plain in the east are immediately recog-
nizable on the maps in Figure 5. One can note other areas with very low to low GI. The area
with a roughly triangular shape in the western part of the region and the inland between
Genoa and the Portofino promontory are characterized by low geological diversity: they
coincide with the outcrops of the monotonous Helminthoid Flysch sequences of the Antola
and Sanremo formations. The northern side of the Beigua massif is also characterized
by monotonous lithology, being formed mainly by serpentinites with minor outcrops of
calcschists and eclogites.
The comparison between the AHP weighted and the non-weighted GI map shows
a general overall concordance but considering both the per class values and their spatial-
ization, many dissimilarities arise. At first, differences are more prominent in the high
and average classes, while in the other classes the concordance is higher with a substantial
coincidence in the lower one. This result is confirmed by the diagrams in Figure 5. More-
over, differences are spread all over the region and in general determine an increase in the
higher classes.
Some areas can be identified where the discrepancies are more concentrated (Figure 6).
These include the west coast near Imperia, the immediate hinterland of Savona, the lower
Scrivia valley, the upper Trebbia valley and the eastern hinterland near Levanto. These
areas are characterized by class 1 of both the hydrogeological diversity index and the
soil-landscape diversity index, but by high or very high geomorphological diversity. Down-
playing the weight of the hydrogeological and soil–landscape diversity as well as assigning
more weight to geomorphological diversity causes them to obtain higher GI values.
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Then, the AHP-weighted GI values were compared to the sites of community impor-
tance (S.C.I.) that are part of the Natura 2000 network (Figure 7). The comparative map
shows a fitting correspondence between areas with high and very high GI and the S.C.I.
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Figure 7. Geodiversity index map showing the sites of community interest belonging to the Natura
2000 network.
Table 4 reports the percentage of each GI class that is included in the terrestrial S.C.I
(excluding the marine S.C.I. from the calculation): the highest percentages are reported for
class 4 (26.68%) and class 5 (34.25%), corresponding to high and very high geodiversity.
Slightly lower values are obtained by class 3 (23.93%), class 2 (22.97%) and class 1 (24.94%).
Overall, the S.C.I. cover 25.83% of the entire Ligurian territory. This quantification confirm
a fair correspondence between the protected areas and high geodiversity values.
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Table 4. Quantitative comparison between the AHP-weighted GI and sites of community
importance (S.C.I.).





Class 1: Very low 1087.5 271.2 24.94
Class 2: Low 1247.2 286.5 22.97
Class 3: Average 1113.5 266.5 23.93
Class 4: High 1311.8 350 26.68
Class 5: Very high 657.7 225.3 34.25
All classes
(entire Liguria region) 5417.7 1399.5 25.83
The S.C.I. of the Natura 2000 Network are identified in accordance with Directive
92/43/EEC, with the aim of maintaining biodiversity, habitats and species of community
interest. The fair correspondence between these sites and the areas of high geodiversity,
suggests that there is a link between biodiversity and geodiversity, as hypothesized by
numerous scholars (see [86] and references therein), and provides preliminary ground to
test the biogeodiversity hypothesis in the Liguria region.
6. Conclusions
In this research, a quantitative GIS-based method of geodiversity assessment has
been presented and tested on the Liguria region of Northern Italy. This method combines
the quantitative computation of diversity indices representing the main components of
geodiversity (geology, geomorphology, hydrogeology and pedology) with a heuristic
approach for weighting them. The application of the semi-quantitative AHP methodology
allowed to overcome the subjectivity in assigning weights, and then obtaining a more
consistent GI index result. The weighted GI was then quantitatively compared with a
non-weighted GI, confirming the higher reliability of the first in evidencing the analyzed
territory features and characteristics.
The AHP method results, based on experts’ judgment, indicate that geological di-
versity and geomorphological diversity play the most important role in determining
geodiversity. As a result, the AHP-weighted GI map highlights these two aspects: high
GI values are obtained by the areas with great lithological and geomorphological variety,
such as the western Ligurian Alps, the Sestri–Voltaggio Zone and the eastern Ligurian
Apennines; low GI values are recorded in lithologically or geomorphologically uniform
areas, such as the coastal alluvial plains.
The comparison between the weighted GI and the non-weighted GI was performed
both qualitatively and quantitatively, with the calculation of Cohen’s kappa index. While
there are differences between the two GI maps, the areas characterized by high non-
weighted GI values are still largely the same as the weighted GI. Even in the non-weighted
GI map, the major contributions to high GI values seem to result from the geological and
geomorphological diversity, a situation that is consistent with the AHP results.
Furthermore, the low weight assigned to the soil–landscape units factor corresponds
to the lower influence that it assumes in the studied area in terms of geodiversity. It must
be stressed that both soil and land use are related and constrained by the geomorphological
asset; in fact, soil accumulation and possible evolution are largely limited by the strong
steepness of the slopes that are among the main geomorphological features. For the same
reason, morphometry strongly affects land use, both in terms of urban expansion and
of agricultural practices. Finally, the low soil-landscape units factor weight, by reducing
its influence in the final calculation, allows to mitigate the limitation of using the coarse
resolution only with available pedological data.
The final geodiversity maps can constitute a crucial tool for land planning and man-
agement, highlighting in a quantitative and objective way the variety, distribution and
interaction among the main components of the physical landscape. This tool may play
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a crucial role in an area, which is renowned for its scenic and landscape variety, and
highly impacted by tourism, primarily along the coastline. In fact, geodiversity should be
implemented in the regional planning in order to improve the protection and valorization
of the many peculiar features that constitute the landscape basis and that are continually
threatened by urban expansion and soil sealing.
Moreover, the research allowed the underlining of the spatial relationships between
geodiversity and biodiversity, considering the Natura 2000 sites. The great variability of
habitats, descending mainly from over 2000 m of altitude range in short spatial distances
and from the closeness of the mountains and the sea, confirms the strong relationship with
geodiversity, which will be further investigated. This aspect may be crucial even in terms
of climate change, as its consequences affect habitats at diverse altitude ranges, involving
both migrators and sedentary species, or areas suffering drought conditions.
In conclusion, the present research can be the starting point for further studies, includ-
ing investigating the influence of scale on the presented assessment method, including
other parameters in the calculation, elaborating on the relationship between geodiversity
and geosites and testing the biogeodiversity hypothesis, for which the present work has
shown promising preliminary results.
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